Neuronal apoptosis plays a critical role in the normal development of the mammalian brain and is thought to contribute to the pathogenesis of several neurologic disorders. However, the intracellular mechanisms underlying apoptosis of neurons remain incompletely understood. In the present study, we characterized a cell-cycle-based mechanism by which neuronal activity deprivation induces apoptosis of postmitotic neurons. Activity deprivation, but not growth factor withdrawal, was found to induce Cdc2 expression and consequent Cdc2-mediated apoptosis in granule neurons of the developing rat cerebellum. We found that activity deprivation induces cdc2 transcription in neurons via an E2F-binding element (EBE) within the cdc2 promoter. The transcription factor E2F1 that is expressed in granule neurons was found in DNA binding assays to bind to the EBE of the cdc2 gene. In chromatin immunoprecipitation analysis, endogenous E2F1 forms a complex with the promoter of the endogenous cdc2 gene in granule neurons, indicating that endogenous E2F1 is poised to activate transcription of the endogenous cdc2 gene in neurons. Consistent with this conclusion, a dominant interfering form of E2F, when expressed in granule neurons, blocked activity deprivation-induced cdc2 transcription. In other experiments, we found that the expression of E2F1 in granule neurons induces Cdc2 expression and promotes neuronal apoptosis via the activation of Cdc2. Remarkably, in contrast to inducing the E2F-mediated expression and activation of Cdc2 in granule neurons, activity deprivation fails to stimulate the expression of E2F-target genes that trigger DNA synthesis and replication. Together, our findings define a novel apoptotic mechanism whereby E2F selectively couples an activity deprivation-induced signal to cdc2 transcription in the absence of stimulating DNA synthesis and thus culminating in Cdc2-mediated apoptosis of postmitotic neurons.
Introduction
During the development of the mammalian brain, the generation of neurons from their precursor cells coincides with their exit from the cell cycle (Caviness et al., 1995; McConnell, 1995) . Although postmitotic neurons do not undergo cell division, they continue to express components of the cell cycle for some time after their terminal differentiation (Freeman et al., 1994; Vincent et al., 1997; Busser et al., 1998; Padmanabhan et al., 1999) . Accumulating evidence suggests that these cell-cycle proteins play a key role in programmed cell death or apoptosis of postmitotic neurons that is critical to the normal development of the mammalian brain (for review, see Liu and Greene, 2001a) . However, the intracellular mechanisms that trigger reactivation of components of the cell cycle in postmitotic neurons remain to be elucidated. In addition, the mechanisms by which cell-cycle proteins induce apoptosis of neurons remain incompletely understood.
Within the developing brain, the cerebellar granule neuron population has been widely used to characterize the cellular and molecular mechanisms of neuronal apoptosis. Proliferating granule neuron precursors differentiate into postmitotic granule neurons within the external granule cell layer (EGL) of the developing cerebellum (Hatten and Heintz, 1995) . Newly generated granule neurons migrate from the EGL into the underlying internal granule cell layer (IGL) where they take on the properties of mature granule neurons (Altman and Bayer, 1997) . Granule neuron apoptosis is observed in both the EGL and IGL, peaking in the first to second week of the postnatal rat cerebellum (Wood et al., 1993) . Granule neurons cultured from the rat cerebellum undergo apoptosis that is suppressed by neuronal activity and growth factors (D'Mello et al., 1993 (D'Mello et al., , 1997 Galli et al., 1995; Miller and Johnson, 1996) . Growth factors are typically provided by serum or by a high concentration of insulin that activates the insulinlike growth factor 1 (IGF1) receptor (Cohick and Clemmons, 1993; Alessi et al., 1996) . Neuronal activity is mimicked by a high concentration of extracellular KCl that triggers membrane depolarization leading to the entry of calcium through voltagesensitive calcium channels (VSCCs) (Catterall, 2000) . Granule neurons undergo apoptosis when they are deprived of membrane-depolarizing concentrations of KCl or when they are deprived of growth factors. The mechanisms by which activity deprivation or growth factor withdrawal induces apoptosis are beginning to be characterized (Watson et al., 1998; Levkovitz and Baraban, 2001 ; Yamagishi et al., 2001; Putcha et al., 2002 ). An important question that remains to be addressed is whether there is specificity in the mechanisms that mediate activity deprivation-induced or growth factor withdrawal-induced neuronal apoptosis.
Recently, we reported that in newly differentiated cerebellar granule neurons, neuronal activity deprivation triggers the activation of the protein kinase Cdc2, a cyclin-dependent kinase with an established function in driving proliferating cells through mitosis . In granule neurons, activated Cdc2 mediates activity deprivation-induced apoptosis by directly phosphorylating the BH3-only protein Bcl-2-associated death promoter (BAD) at a distinct site, serine 128, and thereby activating BAD-mediated apoptosis . Thus, reactivation of the cell-cycle component Cdc2 by neuronal activity deprivation directly activates the cell death machinery. A major question that was raised by these findings is: how is Cdc2 activity regulated in postmitotic neurons? In particular, how does neuronal activity deprivation induce the activity of Cdc2 in postmitotic neurons, thereby triggering apoptosis?
In this study, we characterized a specific mechanism by which activity deprivation induces neuronal apoptosis. We found that activity deprivation, but not growth factor withdrawal, induces the expression of Cdc2 in granule neurons, and that Cdc2 activity specifically mediates activity deprivation-induced neuronal apoptosis. Activity deprivation was found to induce cdc2 transcription in granule neurons via a regulatory site within the cdc2 promoter that binds the transcription factor E2F1. In chromatin immunoprecipitation analyses, we found that endogenous E2F1 in cerebellar granule neurons forms a complex with the promoter of the endogenous cdc2 gene, suggesting that the cdc2 gene is a target of endogenous E2F1 in cerebellar granule neurons. Consistent with this interpretation, the expression of a dominant interfering form of E2F was found to inhibit activity deprivationinduced cdc2 transcription in granule neurons. In other experiments, we found that the expression of E2F1 in granule neurons induces the expression of endogenous Cdc2 and triggers apoptosis. The E2F1-induced apoptosis was found to be reduced significantly by coexpression of a dominant interfering form of Cdc2. Together, our findings define the E2F-Cdc2 cell-cycle pathway as a novel and specific mechanism by which activity deprivation induces apoptosis of postmitotic neurons. In proliferating cells, E2F is believed to regulate the expression of a large set of genes that drive these cells through the cell cycle (DeGregori et al., 1995; Dyson, 1998; Harbour and Dean, 2000; Ishida et al., 2001; Ren et al., 2002) . In contrast, activity deprivation of granule neurons fails to induce the set of E2F-regulated genes serving a role in DNA synthesis and replication. We conclude that the cdc2 gene represents a select target of E2F in activity-deprived postmitotic neurons, and that the activation of Cdc2 in the absence of DNA synthesis in postmitotic neurons might signal apoptosis in a similar manner to unscheduled Cdc2 activation in proliferating cells (Shi et al., 1994) .
Materials and Methods
Antibodies. Mouse monoclonal antibodies to Cdc2 and actin and rabbit polyclonal antibody to BAD, E2F1, proliferating cell nuclear antigen (PCNA), Cdk2, and hemagglutinin (HA) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse monoclonal antibody to ␤-galactosidase (Promega, Madison, WI) and cleaved caspase-3 (Cell Signaling, Beverly, MA) were also purchased. The phospho128-BAD antibody was described previously .
Cerebellar granule neuron cultures and transfections. Cerebellar granule neurons were prepared as described previously (Bonni et al., 1999) . One day after preparation, cytosine arabinofuranoside (AraC) (10 M) was added to inhibit proliferation of non-neuronal cells. Transfection of granule neuron cultures was done using a modified calcium phosphate method as described previously . In the experiments in Figure 2 A, 0.1 g of cdc2-firefly luciferase reporter plasmid and 0.02 g of elongation factor (EF)-renilla luciferase together with 0.5 g of carrier plasmid were transfected. In the experiments in Figure 3A , 0.1 g of cdc2-firefly luciferase plasmid, 0.02 g of EF-renilla luciferase plasmid, and 1 g of E2F1 expression plasmid were transfected. In the experiments in Figure 3 , B and C, 1 g of green fluorescent protein (GFP) plasmid, 0.25 g of ␤-galactosidase expression plasmid, and 1 g of E2F1 expression plasmid were transfected. In the experiments in Figure 4 A-G, 2 g of E2F1 expression plasmid was transfected. In the experiments in Figure 4 I, 0.1 g of cdc2-firefly luciferase plasmid, 0.02 g of EF-renilla luciferase, and 0.1 g of E2F-Rb expression plasmid together with 0.5 g of carrier plasmid were transfected. In the experiments in Figure 4 J, 1 g of E2F-Rb or the vector plasmid together with 0.25 g of ␤-galactosidase expression plasmid were transfected. In the experiments in Figure 5A -E, 0.5 g of E2F1 expression plasmid and 0.25 g of ␤-galactosidase expression plasmid were transfected. In the experiments in Figure 5F , 0.5 g of E2F1 expression plasmid, 0.5 g of a dominant interfering form of Cdc2 (Cdc2-DN) expression plasmid, and 0.25 g of ␤-galactosidase expression plasmid were transfected.
Western blot analysis. For Western blot analysis, cerebellar granule neurons were harvested with a lysis buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EGTA, 25 mM ␤-glycerophosphate, 1 mM DTT, 1 mM PMSF, 1 mM NaVO 3 , and protease inhibitors. Protein amounts were measured by a Bradford assay. Equal amounts of proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Immunoblotting was performed as described previously (Bonni et al., 1999) .
Immunocytochemistry. In the experiments in Figures 3 , B and C, and 4 A-G, cerebellar granule neurons were fixed in 4% paraformaldehyde for 20 min at room temperature. Neurons were washed twice with PBS and permeabilized with PBS containing 0.4% Triton X-100 for 20 min, followed by blocking with TBS containing 0.02% Tween 20 and 10% milk for 1 hr at room temperature. Primary antibody incubations were performed at 4°C overnight in TBS containing 0.02% Tween 20 and 3% bovine serum albumin. In experiments in which bromodeoxyuridine (BrdU) incorporation was measured in Figure 6 A-D, cells were fixed with a mixture of ethanol and glycine solution at Ϫ20°C for 20 min. Immunocytochemistry for BrdU was performed as described in the Labeling and Detection Kit I (Roche Diagnostics, Indianapolis, IN).
Neuronal survival and apoptosis assays. In the experiments in Figures 4 J and 5, transfected cerebellar granule neurons were fixed in 4% paraformaldehyde. Indirect immunofluorescence was performed using an antibody to ␤-galactosidase to visualize transfected neurons. Neuronal survival and apoptosis were assessed in ␤-galactosidase-expressing neurons based on the integrity of neurites and integrity of the nucleus as determined by the staining with DNA dye bisbenzimide (Hoechst 33258) as described previously . Cell counts were performed in a blinded manner.
Electrophoretic mobility shift assays. Electrophoretic mobility shift assays (EMSAs) were performed as described previously (Campanero et al., 1999) . Nuclear extracts from cerebellar granule neurons were prepared as described previously (Schreiber et al., 1989) . The DNA probe was prepared by annealing the following oligonucleotides: 5Ј-TTCCTCTTT-CTTTCGCGCTCTAGCCACC-3Ј and 5Ј-GGGTGGGCTAGAGCGC-GAAAGAAAGAGGA-3Ј. Nuclear extracts of cerebellar granule neurons (5 g) were incubated in 10 l of a preincubation mixture containing 20 mM HEPES/KOH, pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.2 g of sheared herring sperm DNA for 30 min on ice. After preincubation, 0.1 ng of the radiolabeled probe was added to the reaction mixture and incubated for 30 min on ice. In competition assays, cold wild-type E2F-binding element (EBE) probe or a mutant EBE probe in which CG (underlined in the sequence above) was replaced by AT was added to the preincubation mixture. For reactions including antibodies, rabbit antibody that recognizes E2F1 specifically or a control rabbit anti-HA antibody was added to the preincubation mixture. DNA-protein complexes were analyzed on a 4% polyacrylamide-0.1% bisacryl-amide nondenaturing gel in 0.5% Tris-borate-EDTA at 4°C. The gel was dried and analyzed by autoradiography.
Chromatin immunoprecipitation assays. Chromatin immunoprecipitation assays were performed as described previously (Takahashi et al., 2000; Rayman et al., 2002) . Approximately 4.5 ϫ 10 7 cerebellar granule neurons were used in each reaction. Chromatin prepared from granule neurons was precipitated using 4 g of rabbit antibody that recognizes E2F1 specifically or control anti-HA antibody together with protein A-Sepharose at 4°C overnight. Precipitated chromatin was treated with proteinase K and RNase A at 55°C for 3 hr followed by overnight incubation at 65°C to reverse cross-linking. Primers used for PCR that anneal to the rat cdc2 promoter in a region encompassing the EBE were designed as follows: 5Ј-CTGAGCTCAAGAGTCAGTTGGCG-3Ј and 5Ј-CGCC-AATCCGATTGCACGTAGAC-3Ј. PCRs were performed using 1/20th of chromatin precipitates. PCR products were labeled with [␣ 32 -P]dCTP and detected by autoradiography. Experiments were performed three times using chromatin that was prepared independently.
Results

Cdc2 specifically mediates activity deprivation-induced granule neuron apoptosis
We recently characterized the Cdc2-BAD signaling pathway as a novel apoptotic mechanism that is activated in newly generated cerebellar granule neurons with the suppression of neuronal activity . Because common signaling mechanisms typically mediate apoptosis of neurons during trophic factor withdrawal, we tested whether the Cdc2-BAD apoptotic pathway is also activated in neurons during growth factor withdrawal.
Cerebellar granule neurons were prepared from postnatal day 6 (P6) rat pups and cultured in the presence of serum and high concentrations of KCl (30 mM) that induce membrane depolarization and consequent activation of VSCCs. We first characterized the activation of the Cdc2-BAD pathway in activitydeprived granule neurons. After 2 d in vitro (DIV), granule neuron cultures (P6 plus 2 DIV) were placed in survival medium [Basal Medium Eagle (BME) plus 30 mM KCl plus serum] or were deprived of membrane-depolarizing concentrations of KCl (BME plus 5 mM KCl plus serum). After 24 hr, cultures were subjected to Western blot analysis using an antibody to Cdc2, an antibody that recognizes the serine 128 phosphorylated form of BAD specifically (phospho128-BAD antibody), or an antibody that recognizes BAD regardless of its phosphorylation state (N-20 BAD antibody). Activity deprivation induced the expression of endogenous Cdc2 protein and induced the phosphorylation of endogenous BAD at serine 128 in granule neurons ( Fig. 1 A, lanes 1 and 2) .
We next tested whether growth factor withdrawal also induces Cdc2 expression and BAD serine 128 phosphorylation in neurons. Activation of the IGF1 receptor by a high concentration of insulin (10 g/ml) in granule neurons provides a prototypical growth factor-induced survival signal in granule neurons (D'Mello et al., 1993; Dudek et al., 1997) . P6 plus 2 DIV granule neurons were placed in survival medium (BME plus 30 mM KCl plus insulin) or were deprived of growth factor signaling (BME plus 30 mM KCl). Surprisingly, we found that growth factor withdrawal failed to induce the expression of Cdc2 and failed to induce the phosphorylation of BAD at serine 128 ( Fig. 1 A, lanes 3  and 4 ) .
In assays of cell survival, inhibition of Cdc2 activity by roscovitine protected cerebellar granule neurons from activity deprivation-induced apoptosis ( Fig. 1 B) but failed to protect granule neurons against growth factor withdrawal-induced apoptosis ( Fig. 1 B) , suggesting that Cdc2 is not required for growth factor withdrawal-induced neuronal apoptosis. In other experiments, both activity deprivation and growth factor withdrawal triggered the accumulation of the cleaved product of the protease caspase-3 that reflects caspase-3 activation ( Fig. 1C ) (Di Cunto et al., 2000) . However, consistent with results of the cell-survival assays, although the inhibition of Cdc2 by roscovitine inhibited activity deprivation-induced caspase-3 cleavage, roscovitine failed to inhibit growth factor withdrawal-induced caspase-3 cleavage (Fig. 1C) . We also found that expression of Cdc2-DN that blocks activity deprivationinduced neuronal apoptosis (van den Heuvel and Harlow, 1993; Konishi et al., 2002) failed to inhibit granule neuron apoptosis for 24 hr were immunoblotted with a mouse monoclonal antibody that recognizes Cdc2 (top), the rabbit phospho128 (P128)-BAD antibody (middle), or an antibody that recognizes BAD regardless of its phosphorylation (bottom). Activity withdrawal significantly induced the expression of Cdc2 (1.4 Ϯ 0.1 fold; n ϭ 3; p Ͻ 0.001; ANOVA) and the phosphorylation of BAD at serine 128 (1.9 Ϯ 0.1 fold; n ϭ 3; ANOVA; p Ͻ 0.001), but insulin withdrawal failed to induce Cdc2 expression (0.8 Ϯ 0.1 fold; n ϭ 3) or to induce the BAD serine 128 phosphorylation (1.1 Ϯ 0.2 fold; n ϭ 3). B, Cerebellar granule neurons (P6 plus 2 DIV) were kept in survival medium (30 mM KCl plus serum, left; 30 mM KCl plus insulin, right) or were deprived for 48 hr of KCl (5 mM KCl plus serum, left) or insulin (30 mM KCl, right) in the presence of the Cdc2 inhibitor roscovitine (Rosc; 10 M) or its vehicle [dimethylsulfoxide (DMSO)]. Roscovitine inhibited neuronal activity deprivation-induced apoptosis (mean Ϯ SEM; n ϭ 3; ANOVA; p Ͻ 0.01) but not growth factor withdrawal-induced apoptosis. C, Lysates of cerebellar granule neurons (P6 plus 2 DIV) that were treated as in B in the presence of DMSO ( D) or roscovitine ( R) were immunoblotted using an antibody to the cleaved form of caspase-3 (top) or an antibody that recognizes actin (bottom) to serve as control for equal protein loading. D, Lysates of cerebellar granule neurons that were placed in full medium (30 mM KCl plus serum) or deprived of KCl (5 mM KCl plus serum) for the indicated times were immunoblotted with the antibody to Cdc2 (top) or the antibody to actin (bottom). E, Northern blot analysis of total RNA from cerebellar granule neuron cultures that had either been maintained in full medium (30 mM KCl plus serum, lanes 1 and 2) or deprived of activity (5 mM KCl plus serum, lanes 3 and 4 ) for 24 hr. RNA was subjected to Northern blot analysis using a cdc2 probe (top) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; bottom).
after insulin withdrawal (data not shown). Together, these results indicate that activity deprivation selectively induces the Cdc2-BAD apoptotic pathway and that Cdc2 promotes apoptosis specifically after neuronal activity deprivation but does not mediate growth factor withdrawal-induced apoptosis of cerebellar granule neurons.
Activity deprivation induces cdc2 transcription in granule neurons via an E2F-binding element within the cdc2 promoter Having identified the Cdc2-BAD pathway as a specific mediator of activity deprivation-induced neuronal apoptosis, we focused our attention on the characterization of the mechanism by which activity deprivation induces the expression and consequent activation of Cdc2 in granule neurons. We performed a kinetic analysis of activity deprivation-induced Cdc2 protein expression in granule neurons, and found that the induction of Cdc2 protein was not apparent in the first 12 hr but became evident 24 hr after KCl withdrawal (Fig. 1 D) . The elevated levels of Cdc2 were maintained thereafter at 48 and 72 hr after the KCl withdrawal (see Fig.  6 ) (data not shown). The kinetics of activity deprivation-induced Cdc2 expression is characteristic of a late response gene. To distinguish between the two major possibilities that activity deprivation induction of Cdc2 occurs via a mechanism that is predominantly at the level of protein turnover or translation or at the level of transcription or mRNA processing, we characterized the effect of activity deprivation on the amount of cdc2 mRNA in granule neurons. We found that the expression of cdc2 mRNA was robustly induced in granule neurons 24 hr after KCl withdrawal (Fig. 1 E) . Together, these results suggest that activity deprivation induces the expression of Cdc2 via an alteration in cdc2 transcription or mRNA turnover.
We next determined whether activity deprivation regulates cdc2 expression at the transcriptional level. In transient transfection experiments in granule neurons, we tested the effect of activity deprivation on the activity of a luciferase reporter gene that contains 3.2 kb of the 5Ј regulatory sequence of the cdc2 gene (Ϫ3200/cdc2) (Sugarman et al., 1995) . We found that KCl withdrawal robustly stimulated the expression of the Ϫ3200/cdc2-luciferase reporter gene in granule neurons (Fig. 2 A) . These results suggest that activity deprivation stimulates Cdc2 expression by inducing cdc2 transcription.
Deletion analysis of the cdc2 promoter in granule neurons revealed that the region of the promoter between nucleotide Ϫ245 and nucleotide Ϫ94 relative to the transcriptional start site of the cdc2 gene plays a critical role in activity withdrawalinduced cdc2 transcription. The basal level of cdc2 promotermediated transcription in membrane-depolarized granule neurons was not affected by the 5Ј deletion mutants (Fig. 2 A) . These results argue against the interpretation that activity deprivation in granule neurons triggers the derepression of the cdc2 promoter. Rather, these results suggest that activity deprivation induces the activity of a transcription factor that stimulates cdc2 transcription in granule neurons.
We next focused our effort on identifying the site within the Ϫ245 to Ϫ94 region of the cdc2 promoter that mediates activity deprivation-induced cdc2 transcription. This region of the cdc2 promoter contains an EBE at Ϫ128 that is conserved in the rat and human cdc2 genes. The EBE plays an important role in mediating cdc2 transcription in proliferating cells (Dalton, 1992; Shimizu et al., 1995) . We therefore asked whether the EBE might mediate cdc2 transcription in the postmitotic granule neurons after KCl withdrawal. We found that mutation of the EBE within the context of the Ϫ245/cdc2 reporter gene reduced significantly the ability of KCl withdrawal to induce cdc2 promoter-mediated transcription (Fig. 2 A) . These results suggest that the EBE within the cdc2 promoter plays a critical role in mediating activity deprivation-induced cdc2 transcription.
Members of the E2F family of transcription factors bind the EBE in proliferating cells (Tommasi and Pfeifer, 1995; Takahashi et al., 2000; Rayman et al., 2002) . We therefore tested whether the EBE within the cdc2 promoter binds to an E2F family member in granule neurons. In EMSAs, the EBE formed protein-DNA complexes when incubated with nuclear extracts of cerebellar granule Figure 2 . Activity deprivation induces cdc2 transcription via an EBE within the cdc2 promoter. A, Schematic representation of cdc2 promoter-luciferase reporter constructs and their activity in cerebellar granule neurons. Cerebellar granule neurons (P6 plus 2 DIV) were transfected with the indicated cdc2 firefly-luciferase reporter plasmid and reporter gene that is controlled by the elongation factor promoter (EF-renilla) and incubated for 4 -5 hr in conditioned full medium (30 mM KCl plus serum). Transfected neurons were then placed in full medium (30 mM KCl plus serum; black bars) or deprived of neuronal activity (5 mM KCl plus serum; gray bars) for 36 hr and then subjected to dual-luciferase assay (Promega). The normalized firefly-luciferase activity of each cdc2 luciferase reporter gene is shown relative to the activity of Ϫ94/cdc2 luciferase gene in membrane-depolarized granule neuron cultures. Values shown are mean Ϯ SEM (n ϭ 4). Activity deprivation significantly increased the expression of the Ϫ3200/cdc2 and Ϫ245/cdc2 reporter genes (ANOVA; p Ͻ 0.05) but not of the Ϫ245mEBE/cdc2 or the Ϫ94/cdc2 reporter genes. B, Nuclear extracts prepared from cerebellar granule neuron cultures (P6 plus 2 DIV) maintained in full survival medium (30 mM KCl plus serum) or deprived of neuronal activity (5 mM KCl plus serum) for 24 hr were subjected to an EMSA. The radiolabeled probe contains the EBE within the cdc2 promoter. For competition analysis, excess amount of wild-type cold probe (lanes 4 and 5) or a probe that contains a point mutation within the EBE (lanes 6 and 7 ) was added to the reaction. C, A rabbit antibody to E2F1 (2 g, lane 3; 5 g, lane 4 ) or a control antibody (anti-HA antibody, 2 g, lane 5; 5 g, lane 6 ) was added to the EMSA reaction. Three protein-DNA complexes that are shown as specific EBE-protein complexes in B (arrowheads) were blocked or super-shifted (bracket) by the addition of E2F1 antibody but not by control antibody.
neurons (Fig. 2 B) . The incubation of excess cold wild-type EBE in the DNA binding reaction, but not of mutant EBE known to disrupt its binding to E2Fs, reduced partly or completely the formation of three protein-DNA complexes (Fig.  2 B, arrowheads) . These results suggest that the EBE within the cdc2 promoter binds E2F transcription factors that are present in nuclear extracts of granule neurons. The three EBE-protein complexes were disrupted or supershifted with the addition of an antibody that recognizes E2F1 specifically (Fig. 2C, bracket) , but not by a control antibody. There was an increased amount of EBE-binding activity in nuclear extracts of activity-deprived granule neurons (Fig. 2B) , suggesting that activity deprivation stimulates the activity of endogenous E2F1 in neurons. These data suggest that granule neurons express E2F1 that binds to the EBE within the cdc2 promoter and raised the possibility that E2F1 might mediate activity deprivation-induced cdc2 transcription in cerebellar granule neurons.
E2F mediates activity deprivationinduced cdc2 transcription in postmitotic granule neurons
The finding that the EBE of the cdc2 promoter binds to E2F1 and mediates activity deprivation-induced cdc2 transcription led us next to address the question of whether E2F mediates activity deprivation-induced cdc2 transcription in cerebellar granule neurons. First, we asked whether E2F1 has the capacity to induce cdc2 transcription in granule neurons, which are in a postmitotic state. We imagined that E2F1 that is expressed in membrane-depolarized granule neurons is maintained in a repressed state to prevent the induction of cdc2 and of genes that might trigger reentry of neurons into the cell cycle. Therefore, to investigate the ability of E2F1 to induce transcription of the cdc2 gene in granule neurons, we overexpressed E2F1 in granule neurons together with the cdc2-luciferase (Ϫ245/cdc2) reporter plasmid. We found that overexpressed E2F1 strongly enhanced cdc2 promoter-mediated transcription (Fig. 3A) . In contrast to wild-type E2F1, a mutant E2F1 that is unable to bind to the EBE because of an amino acid substitution within the DNA binding domain of E2F1 [E2F1(132E)] (Johnson et al., 1993) failed to induce the cdc2 promoter effectively (Fig. 3A) . In addition, mutation of the EBE within the cdc2 promoter (Ϫ245mEBE/cdc2) significantly inhibited E2F1-dependent transcriptional activation of the cdc2 promoter, arguing against the in- Figure 3 . E2F1 activates cdc2 promoter-mediated transcription in postmitotic cerebellar granule neurons. A, Cerebellar neuron cultures (P6 plus 2 DIV) were transfected with the Ϫ245/cdc2 or Ϫ245/mEBE/cdc2 luciferase reporter plasmids together with the EF-renilla reporter gene and an expression plasmid encoding E2F1, an E2F1 mutant in which the DNA-binding domain is mutated [E2F1(132E)], or their control vector. One day after transfection, transfected cells were harvested and subjected to a dual-luciferase assay. Normalized reporter activities are shown relative to the reporter activity of the Ϫ245/cdc2 luciferase gene that was cotransfected with the vector control plasmid. Values shown are mean Ϯ SEM (n ϭ 4). The activity of the Ϫ245/cdc2 reporter gene was significantly increased by E2F1 (ANOVA; p Ͻ 0.001) but not by E2F1(132E). Mutation within the EBE (Ϫ245/mEBE/cdc2) significantly decreased E2F1 induction of cdc2 transcription (ANOVA; p Ͻ 0.001). B, Cerebellar granule neurons were transfected with the control GFP, cdc2/GFP reporter gene, or CMV/GFP reporter gene together with an expression plasmid encoding E2F1 or its control vector and an expression plasmid encoding ␤-galactosidase (␤-gal ). Two days after transfection, cells were subjected to indirect immunofluorescence with an antibody to ␤-galactosidase, and GFP reporter gene activity was monitored by visualizing GFP in transfected cells. E2F1 induced the cdc2/GFP reporter. C, Cerebellar granule neuron cultures were transfected with the E2F1-expression vector together with the cdc2/GFP reporter gene. Transfected cultures were subjected to indirect immunofluorescence with an antibody to ␤-tubulin type III (Tuj1) that is expressed in postmitotic neurons, and GFP visualization was used to monitor the cdc2/GFP reporter activity. Cell bodies (arrowheads) and neurites (open arrows) of all GFP-positive cells also stained with the Tuj1 antibody.
terpretation that E2F1-induced cdc2 transcription occurs via the squelching of transcriptional corepressors or through a mechanism that is independent of E2F binding to the cdc2 promoter. Together, these results demonstrate the ability of E2F1 to induce cdc2 transcription in granule neuron cultures.
Granule neuron cultures contain Ͼ95% granule neurons, and the introduction of plasmids into these cultures in our transfections targets granule neurons selectively, because 99% of transfected cells are granule neurons . Nevertheless, because E2F-mediated transcription might be much more effective in non-neuronal cells, we investigated the possibility that E2F1 induction of cdc2 transcription in our experiments might arise predominantly from cdc2 promoter activity in the nonneuronal cells. We therefore generated a construct in which the GFP reporter gene is driven by the cdc2 promoter (cdc2/GFP) (Fig. 3B) . We transfected cerebellar granule neuron cultures with a GFP, cdc2/GFP, or cytomegalovirus (CMV)/GFP reporter gene together with an expression plasmid encoding ␤-galactosidase. Cultures were fixed 2 d after transfection and subjected to indirect immunofluorescence using a mouse monoclonal antibody to ␤-galactosidase. The activity of the cdc2 promoter was monitored by visualizing GFP fluorescence. In the absence of E2F1, the activity of GFP was very weak and near background fluorescence levels. In contrast, the expression of E2F1 strongly induced the cdc2/GFP reporter gene but had little effect on the control GFP reporter or CMV/GFP reporter gene (Fig.  3B) . In other experiments, we found that the cells that expressed the E2F1-induced cdc2 promoter-mediated GFP also expressed the neuron specific ␤-tubulin type III (Fig.  3C) . Together, these results establish that E2F1 possesses the capacity to activate cdc2 promoter-mediated transcription in postmitotic cerebellar granule neurons.
We next examined whether E2F1 has the ability to induce transcription of the endogenous cdc2 gene in cerebellar granule neurons. We transfected cerebellar granule neurons with an expression plasmid encoding HA-tagged E2F1 or HA-tagged E2F1(132E). Two days after transfection, granule neurons were subjected to indirect immunofluorescence using a rabbit antibody to HA and a mouse monoclonal antibody to Cdc2. Robust endogenous Cdc2 immunoreactivity was detected in granule neurons in which wild-type E2F1 was expressed (Fig. 4A-C) . In contrast, we detected weak endogenous Cdc2 immunoreactivity in E2F1(132E)-expressing granule neurons (Fig. 4D-F) . The percentage of strong Cdc2-positive granule neurons was quantified and revealed that strong endogenous Cdc2 was detected in a large fraction (82%) of E2F1-expressing granule neurons but only in 10% of E2F1(132E)-expressing granule neurons (Fig. 4G) . These results suggest that the expression of E2F1 stimulates endogenous Cdc2 expression in cerebellar granule neurons.
We next characterized the role of endogenous E2F in mediating cdc2 expression in activity-deprived cerebellar granule neurons. To examine whether endogenous E2F might mediate transcription of the endogenous cdc2 gene, we performed chromatin immunoprecipitation analysis. Chromatin was prepared from cerebellar granule neurons and was immunoprecipitated using no antibody, a control antibody, or an anti-E2F1 antibody together with protein A-Sepharose beads. Immunoprecipitated chromatin was subjected to PCR using primers designed to anneal to the cdc2 promoter in a region encompassing the EBE (Fig.  4 H) . We found that the endogenous cdc2 promoter was coprecipitated with endogenous E2F1 (Fig. 4 H) . The results of control experiments using no antibody or control antibody supported the interpretation that the endogenous cdc2 promoter and endogenous E2F1 coprecipitated specifically (Fig. 4 H) . These results suggest that the endogenous cdc2 gene is a target of endogenous E2F1 in postmitotic neurons. Next, we tested the effect of a dominant interfering form of E2F, in which the DNA-binding Precipitated chromatin was subjected to PCR analysis using a set of primers encompassing the EBE within the cdc2 promoter (as shown in the figure). Endogenous cdc2 promoter was specifically coprecipitated with immunoprecipitated E2F1 (lane 3). I, Cerebellar granule neurons (P6 plus 2 DIV) were transfected with the Ϫ3200/cdc2-luciferase reporter plasmid together with a control vector or an expression plasmid encoding the dominant interfering form of E2F (E2F-Rb), in which the E2F1 DNA-binding region (1-368) was fused to . Transfected cultures were processed as in Figure 2 A. Activity deprivation induced cdc2 promoter-mediated transcription in vector-transfected (mean Ϯ SEM; n ϭ 4; ANOVA; p Ͻ 0.0001) but not in E2F-Rb-expressing granule neurons. J, Cerebellar granule neurons (P6 plus 2 DIV) were transfected with the E2F-Rb expression plasmid or the control vector together with an expression plasmid encoding ␤-galactosidase. One day after transfection, granule neurons were placed in full medium (30 mM KCl plus serum) or deprived of neuronal activity (5 mM KCl plus serum) for 2 d. Transfected neurons were subjected to indirect immunofluorescence using the monoclonal antibody to ␤-galactosidase and the DNA dye bisbenzimide (Hoechst 33258). Cell survival and death were measured in ␤-galactosidase-expressing neurons based on the integrity of neurites and nucleus. KCl withdrawal significantly reduced the survival of vector-transfected granule neurons (n ϭ 3; ANOVA; p Ͻ 0.05) but not of E2F-Rb-expressing granule neurons.
domain of E2F1 was fused to the repressor Rb (E2F-Rb) (Sellers et al., 1995 (Sellers et al., , 1998 , on the ability of KCl withdrawal to induce the cdc2 promoter in cerebellar granule neurons. E2F-Rb is expected to inhibit endogenous E2F proteins by blocking their ability to induce transcription (Sellers et al., 1995 (Sellers et al., , 1998 . We found that E2F-Rb, when coexpressed with the Ϫ3200/cdc2-luciferase reporter gene, abolished KCl withdrawal induction of the cdc2 promoter (Fig. 4I) . Together with the finding of chromatin immunoprecipitation experiments, these results suggest that endogenous E2F mediates neuronal activity deprivation-dependent cdc2 transcription.
The E2F-cdc2 cell-cycle pathway promotes granule neuron apoptosis Our results suggesting that E2F1 mediates activity deprivationinduced cdc2 transcription raised the question of whether E2F1 and Cdc2 lie on a biochemical pathway that mediates activity deprivation-induced apoptosis of neurons. E2F1 has been demonstrated to promote apoptosis in postmitotic neurons including cerebellar granule neurons (O'Hare et al., 2000; Gendron et al., 2001; Liu and Greene, 2001b) . Consistent with these observations, we found that the dominant interfering form of E2F (E2F-Rb), when expressed in granule neurons, blocked the ability of KCl withdrawal to induce apoptosis (Fig. 4 J) , suggesting that endogenous E2F proteins mediate activity deprivation-induced apoptosis of neurons.
The molecular mechanisms by which E2F1 promotes apoptosis remain to be elucidated. Because activity deprivation induces E2F-mediated cdc2 transcription (this study) and because the activity of Cdc2 promotes granule neuron apoptosis , we asked whether the proapoptotic function of E2F1 in cerebellar granule neurons is mediated via the induction and activation of Cdc2. We first established that the expression of E2F1 induces granule neuron apoptosis in our cultures. Granule neurons were transfected with an E2F1 expression plasmid or the control vector and were then maintained in full medium or deprived of membrane-depolarizing concentrations of KCl for just 24 hr to obtain a negligible amount of activity withdrawalinduced apoptosis in vector-transfected cultures to allow the detection of apoptosis on E2F1 overexpression (Fig. 5A) . Although the expression of E2F1 induced apoptosis in membranedepolarized cultures, E2F1-mediated apoptosis was more marked in cultures that were deprived of depolarizing concentrations of KCl (Fig. 5A-E) , suggesting that activity deprivation further activates the ability of E2F1 to induce apoptosis or that additional activity deprivation-induced mechanisms cooperate with E2F1 to induce apoptosis. The expression of the mutant E2F1 protein [E2F1(132E)], that poorly binds to the EBE, failed to effectively induce neuronal apoptosis, suggesting that the binding of E2F1 to the promoter of responsive genes is necessary for E2F1 to stimulate transcription of apoptotic genes and thereby trigger apoptosis. We next asked whether Cdc2 might constitute an apoptotic gene target of E2F1 in granule neurons. We determined whether the inhibition of Cdc2 activity rescues granule neurons from E2F1-induced apoptosis. We found that a dominant interfering form of Cdc2 in which an amino acid is mutated in the catalytic region (Cdc2-DN), when coexpressed with E2F1 in granule neurons, significantly reduced E2F1-induced apoptosis (Fig. 5F ). These results indicate that Cdc2 is functionally downstream of E2F1, and that the E2F-Cdc2 cell-cycle pathway thus provides an apoptotic signal in postmitotic neurons.
The similarity in the ability of E2F1 to induce cdc2 in both postmitotic and proliferating cells raised the question of the extent of similarity in the regulation of E2F1 function in two cell types. In proliferating cells, E2F1 regulates the expression of a large set of genes that promote DNA synthesis and replication (DeGregori et al., 1995; Dyson, 1998; Harbour and Dean, 2000; Ishida et al., 2001; Ren et al., 2002) . We therefore asked whether the activation of the E2F-Cdc2 cell-cycle pathway in activity-deprived granule neurons also leads to the induction of genes that serve a role in DNA synthesis. We determined whether activity deprivation stimulates DNA synthesis in granule neurons. Cerebellar granule neuron cultures were incubated with bromodeoxyuridine for 24 hr. As expected, nonneuronal cells incorporated BrdU. However, we failed to detect BrdU-positive neurons in these cultures. These results indicate that despite the activation of the E2F-Cdc2 cell-cycle pathway in neurons on activity deprivation, the DNA synthesis machinery is not activated in granule neurons (Fig. 6 A-D) . Consistent with this conclusion, we found that although activity deprivation induced Cdc2 expression, activity deprivation failed to induce the expression of the DNA-synthesis related factors PCNA and Cdk2 in granule neurons (Fig. 6 E) . Together, our results suggest that activity deprivation induces the E2F-mediated expression of Cdc2 in neurons but fails to induce E2F-regulated genes that turn on the DNA synthesis machinery. The activation of the mitotic kinase Cdc2 in postmitotic neurons in the absence of DNA synthesis may thus comprise the trigger for apoptosis.
Discussion
In this study, we have characterized a cell-cycle mechanism that specifically mediates activity deprivation-induced apoptosis of postmitotic neurons. We have found that the mitotic kinase Cdc2 mediates apoptosis of cerebellar granule neurons with the deprivation of neuronal activity but not with growth factor withdrawal. Activity deprivation induces the expression of Cdc2, leading to Cdc2-mediated neuronal apoptosis, by stimulating transcription of the cdc2 gene in granule neurons. An EBE within the cdc2 promoter was found to bind to E2F1 and mediate activity deprivation-induced cdc2 transcription in granule neurons. We found that endogenous E2F1 in granule neurons occupies the promoter of the endogenous cdc2 gene in chromatinimmunoprecipitation analysis. Consistent with these results, we also found that inhibition of E2F protein by a dominant interfering form of E2F blocks activity deprivation-induced cdc2 transcription. In other experiments, we found that the expression of E2F1 in granule neurons induces the expression of Cdc2, which in turn mediates E2F1-induced apoptosis. Finally, although activity deprivation induces the E2F-mediated expression of Cdc2 in granule neurons, activity deprivation in neurons fails to induce the expression of genes that drive DNA synthesis and replication. Together, our findings define E2F-Cdc2 as a novel cell-cycle pathway in postmitotic neurons that selectively propagates an apoptotic signal during neuronal activity deprivation.
A role for reactivation of the cell-cycle machinery in apoptosis of postmitotic neurons was suggested nearly a decade ago (for review, see Liu and Greene, 2001a) . However, the regulation of the cell-cycle machinery in postmitotic neurons and the mechanisms by which cell-cycle activation mediates neuronal apoptosis are just beginning to be elucidated. One of the early observations in this field was the finding that the withdrawal of nerve growth factor (NGF) from sympathetic neurons induces the expression of cyclin D1 expression in these neurons (Freeman et al., 1994) . This observation was extended to a number of paradigms of neuronal apoptosis, including activity deprivation of cerebellar granule neurons and the exposure of neurons to DNA-damaging agents and other pathogenic stimuli (Park et al., 1997 (Park et al., , 1998 Padmanabhan et al., 1999) . In these studies, the induction of cyclin D1 was found to lead to the activation of D1-associated cdk4/6, and inhibition of these kinases protected neurons against apoptosis (Park et al., 1997 (Park et al., , 1998 Padmanabhan et al., 1999) .
As in proliferating cells, an important target of CDK4/6 in neurons is the protein Rb. The CDK4/6-induced phosphorylation of Rb is thought to control the G 1 -S transition in proliferating cells (Weinberg, 1995) . During the early G 1 phase of the cell cycle, hypophosphorylated Rb binds to the transcription factor E2F and thereby represses E2F-mediated transcription (Chellappan et al., 1991; Dyson, 1998) . However, the CDK-induced phosphorylation of Rb induces the derepression and transactivation of E2F-regulated genes leading to cell-cycle progression (Harbour et al., 1999) . In postmitotic neurons, the CDK4/6-induced phosphorylation of Rb and consequent disinhibition of E2F have been linked to neuronal apoptosis in a number of settings including activity withdrawal-induced apoptosis of granule neurons (Padmanabhan et al., 1999; O'Hare et al., 2000) . were labeled with BrdU for 24 hr in cultures that were in full medium (30 mM KCl plus serum) or that were deprived of activity (5 mM KCl plus serum) in the presence or absence of the antimitotic agent AraC. Incorporated BrdU was detected by immunofluorescence using a mouse monoclonal antibody that recognizes BrdU. Postmitotic granule neurons in culture were identified using a rabbit antibody that recognizes microtubule-associated protein 2 (MAP2). MAP2-negative non-neuronal cells incorporated BrdU in the absence of AraC, whereas postmitotic granule neurons did not incorporate BrdU in the presence or absence of AraC. E, Lysates of cerebellar granule neurons (P6 plus 2 DIV) that were placed in full medium or deprived of activity for 24 or 48 hr were subjected to immunoblotting using an antibody to PCNA, Cdk2, Cdc2, or actin. Activity deprivation induced the level of Cdc2 protein but failed to induce the expression of PCNA or Cdk2.
The mechanisms by which E2F mediates apoptosis of postmitotic neurons are beginning to be characterized. In a recent study by Liu and Greene (2001b) , the repression of E2F-responsive genes was demonstrated to be required for neuronal survival. In this study, NGF withdrawal in sympathetic neurons and chemotoxin stimulation of cortical neurons was demonstrated to trigger the derepression of E2F-regulated genes leading to apoptosis (Liu and Greene, 2001b) . It was also suggested in this study that transactivation of E2F-responsive genes is not required for neuronal apoptosis (Liu and Greene, 2001b) .
In our study, we show that the transactivation function of E2F leads to the induction of Cdc2 expression and apoptosis in cerebellar granule neurons with activity deprivation. Our findings provide a novel link in neurons between the activity deprivationinduced G 1 CDK-Rb-E2F1 pathway and the mitotic kinase Cdc2 culminating in the direct activation of the cell-death machinery via phosphorylation of the BH3-only protein BAD. We have found that activity deprivation but not growth factor withdrawal induces the expression of Cdc2. Consistent with this result, we found that Cdc2 mediates activity deprivation-induced but not growth factor withdrawal-induced neuronal apoptosis. We also found that E2F1 triggers apoptosis of cerebellar granule neurons, and that E2F1-induced Cdc2 mediates the ability of E2F1 to promote apoptosis. Together, these findings suggest that the E2F-Cdc2 cell-cycle pathway specifically mediates the activity deprivation-induced neuronal apoptotic response.
In future studies, it will be important to address the question of whether in other neurons Cdc2 might be activated with apoptotic stimuli in addition to activity withdrawal. If Cdc2 but not E2F1 is the specificity determinant of activity deprivationinduced apoptosis, the cdc2 promoter may provide a valuable biochemical endpoint in future studies for the identification and characterization of transcription factors that cooperate with E2F1 to specifically induce Cdc2 in activity-deprived postmitotic neurons. However, distinct E2F1-mediated mechanisms may mediate activity deprivation-induced apoptosis of granule neurons (this study) and apoptosis of sympathetic neurons with growth factor withdrawal or chemotoxin-induced apoptosis of cortical neurons (Liu and Greene, 2001b) . The characterization of the distinct mechanisms regulating E2F function in postmitotic neurons in the different paradigms of neuronal apoptosis in these two studies may reveal additional specific signals that mediate activity deprivation-induced neuronal apoptosis.
The observation that neuronal activity deprivation induces E2F1-mediated cdc2 transcription points to the similarity in the role of E2F1 in inducing Cdc2 in postmitotic neurons and proliferating cells. However, we found that much of the function of E2Fs, and E2F1 in particular, to stimulate S phase genes in proliferating cells is not recapitulated in postmitotic neurons. These observations carry a number of implications. First, they suggest that Cdc2 represents a select target of E2F in postmitotic neurons and point to specificity mechanisms that exist in postmitotic CNS neurons that confer E2F with the selective ability to induce cdc2 transcription or that silence the majority of E2F-regulated genes. Investigation of these mechanisms might shed light on the postmitotic neuronal state. Second, our observation of Cdc2 triggering apoptosis of postmitotic neurons in the absence of DNA synthesis points to a similarity of Cdc2-mediated neuronal apoptosis and the role of premature Cdc2 activation in cycling cells culminating in apoptosis (Shi et al., 1994) . It will be important to determine whether lessons from one situation might be applied to the other. Finally, it is interesting to compare the role of the cell-cycle machinery in apoptosis of neurons in the CNS and peripheral nervous system (PNS). A recent study revealed distinct responses of CNS and PNS neurons to expression of the transcription factor N-myc that promotes cell-cycle progression in dividing cells (Wartiovaara et al., 2002) . Whereas N-myc induced successful re-entry of sympathetic neurons into the cell cycle, N-myc induced apoptosis of cortical neurons (Wartiovaara et al., 2002) . It will be interesting to compare the cell-cycle protein responses of PNS and CNS neurons to activity deprivation.
In conclusion, our findings suggest that the E2F-Cdc2 cellcycle pathway plays a critical role in neuronal apoptosis. Our study raises several questions. It will be important in future studies to determine the role of the E2F-Cdc2 cell-cycle pathway in the normal development of the mammalian brain. In addition, it will be important to determine how the E2F-Cdc2 cell-cycle pathway interacts with other signals that mediate activity deprivation-induced neuronal apoptosis. In this regard, the Jun-N-terminal kinase (JNK) signaling pathway is thought to play a critical role in apoptosis of granule neurons with the suppression of neuronal activity (Watson et al., 1998; Le-Niculescu et al., 1999) . Interestingly, we found recently that JNK induces the phosphorylation of BAD at serine 128 and thereby activates BAD-mediated apoptosis , raising the possibility that Cdc2 and JNK may converge on BAD to effectively induce the cell-death machinery in neurons, or that these kinases target BAD in a temporally specific manner in granule neurons . Whether the regulation of the Cdc2 and JNK signaling pathways in activity-deprived neurons is coordinated remains to be determined. Finally, because neuronal death is thought to be a major pathophysiologic feature of several common neurologic disorders, including neurodegenerative diseases and stroke (Cotman, 1998; Pettmann and Henderson, 1998; Snider et al., 1999) , it will also be interesting to determine whether the E2F-Cdc2 cell-cycle pathway contributes to neuronal apoptosis in these neurological diseases.
